Abstract. The experimental data on Raman scattering (RS) and optical absorption in structures with thin silicon layers on various substrates, as well as in multilayer quartz/Si/SiO 2 , SiC/Si/SiO 2 and glass/Si 3 N 4 /Si/SiO 2 structures, are summarized. It is shown that laser annealing on the above structures leads to changes in spectra of RS and optical transmission that can be explained within the critical action model. The value of critical action of laser radiation is determined for the structures studied.
Introduction
As the electronic devices are becoming smaller and ICs are becoming more complicated, local pulse treatment of them acquires increasing importance. It enables to modify certain micro-areas without affecting neighboring sections and lower layers. Application of laser annealing makes it possible to prepare polycrystalline silicon (polySi) films which is promising for use in thin-film transistors, liquid-crystal displays, sensors and solar cells because of recrystallization of amorphous Si (-Si) films [1] . Besides, laser annealing enables to modify electrophysical and optical parameters of semiconductors as well as their crystalline and defect structure [2, 3] .
In the course of laser annealing of -Si or poly-Si layers deposited onto a single crystalline Si substrate, their homoepitaxial recrystallization occurs [1, 4] . Such processes may help to obtain the most efficient presentday cascade solar cells with the structure of -Sipoly-Si structure. Laser radiation is also used for annealing of structural defects in semiconductor layers and improvement of silicon surface and, correspondingly, the "siliconoxidemetal" interfaces when producing ICs [5] . A promising area of laser radiation application is restructuring of -Si layers (deposited onto a dielectric substrate) to a polycrystalline state. This technology enables to obtain silicon layers with high mobility of charge carriers and is promising in production of panels for solar power engineering, IR detectors and display panels, as well as micro-and nanoeletronic devices.
Of special interest is a possibility of modifying the properties of multilayer systems by laser annealing. In this case, it is possible to apply selective annealing of separate layers in a multilayer composition by selecting appropriate wavelength, power and focusing of laser radiation which cannot be realized at traditional thermal annealing [6] . So investigation of the effect of laser annealing on structures with thin (~0.1 m) silicon layers is of particular interest: in such systems the properties of silicon film can be rather easily modified by laser annealing.
This work summarizes the results of a cycle of investigations on the effect of restructuring of silicon films on various substrates (as well as in multilayer quartz/Si/SiO 2 , SiC/Si/SiO 2 and glass/Si 3 N 4 /Si/SiO 2 structures) caused by laser annealing on the optical parameters of such structures.
Specimens and measurement procedure
The specimens under investigation were silicon films deposited onto dielectric and semiconductor substrates as well as those in the quartz/Si/SiO 2 , SiC/Si/SiO 2 and glass/Si 3 N 4 /Si/SiO 2 structures. The substrates were glass, quartz, high-and low-resistance silicon carbide. The thickness of SiC substrate was ~450 m, while those of Si 3 N 4 , silicon and silicon dioxide layers were 0.15-0.25 m, 0.8-1.0 m and 0.1-0.2 m, respectively.
Laser annealing was made using a multi-purpose laser setup for semiconductor processing LIMO 100-532/1064-U (LIMO-Lissotschenko Mikrooptik GmbH, Germany) with an Nd:YAG laser (wavelength  = 532 nm) [7] . The -Si film was deposited using a setup for electron-beam deposition ВУ-2М, with concurrent photometric control of film thickness. The thickness of -Si film was 1 m [7] .
The Raman scattering (RS) spectra were excited using an Ar-Kr laser ( ex = 488 nm). The power of exciting laser radiation was chosen in the 0.2-1.5 mW range to prevent overheating and laser annealing in the course of measurements. Structural perfection of the Si layer before and after laser annealing was studied with X-ray diffractometry (XRD) using a setup Philips X'PertMRD (Cu K = 0.15418 nm). The absorption spectra of the specimens were taken in the 350-800 nm range at room temperature busing a setup SPECORD UV VIS.
Experimental results and discussion
Investigations of absorption spectra in the quartz/Si, glass/Si and quartz/Si/SiO 2 structures [8] [9] [10] showed that laser annealing at laser radiation power of 40-80 W leads to shifting of silicon film absorption edge towards shorter wavelengths. The maximal shift (~0.5 eV) was observed for the quartz/Si structure ( Fig. 1) , while those for the glass/Si and quartz/Si/SiO 2 structures was ~0.1 eV. Optical density, arb.un.
Photon energy E, eV It should be noted that laser annealing by 20 W radiation does not lead to any changes in absorption spectra of the structures under investigation. If the laser radiation power was of 50-70 W, then the structures under investigation demonstrated increase of transmission coefficient in the silicon film (as compared with the initial structure) after laser annealing [8] [9] [10] .
For all structures under investigation, a general trend exists, namely, their transmission coefficients grow as the laser radiation power increases. However, the transmission spectra of silicon film in the glass/Si structure demonstrate an extra feature: they have an additional band with a maximum near 2.7 eV (450 nm) whose position depends on the laser radiation power (see as functions of laser radiation power for silicon film (glass/Si structure) [10] .
As the laser radiation power is increased to 40 W, then one can also observe absorption edge shifting in silicon film towards shorter wavelengths by ~30 nm. Further growth of laser radiation power to 60 W promotes increase of absorption edge shift for the specimen under investigation towards shorter wavelengths by ~100 nm as compared with that of the initial specimen. At laser radiation power of ~80 W, the absorption edge of silicon film shifts insignificantly towards longer wavelengths. At the wavelength range of 300-850 nm, the quartz substrate is transparent. The experiment showed that laser annealing does not lead to changes in absorption spectrum of the quartz substrate. Therefore, shifting of absorption edge in the quartz/Si structure towards shorter wavelengths is due to changes occurring in the silicon film. The observed absorption edge shifting in the spectra of the specimens under investigation correlates with the data given in [4] , where it was shown that laser action on thin Si films at SiO 2 surface leads to similar effect because of silicon recrystallization.
Since absorption spectra of a composite structure are integrated quantity, the biggest contribution into absorption spectrum comes from a layer with the maximal absorption coefficient. For the quartz/Si/SiO 2 and SiC/Si/SiO 2 structures, such an element in the region of 1.5-3 eV (400-800 nm) is Si layer. Absorption in silicon carbide substrate in that spectral region is small. A layer-by-layer deposition of Si/SiO 2 structure onto silicon carbide leads to absorption edge smearing. Investigation of the effect of laser annealing on silicon carbide substrate showed that laser annealing does not lead to shifting of intrinsic absorption edge and appearance of additional bands in the absorption spectrum. So, one can conclude that changes in transmission spectrum of the specimen under investigation are due to processes proceeding at the quartz/Si/SiO 2 and SiC/Si/SiO 2 interfaces as well as immediately in the Si/SiO 2 layers. Growth of laser radiation power to 40 W has a small effect on silicon film transparency. Further increase of laser radiation power to 60 W results in reduction of absorption (i.e., increase of transparency) in the specimen studied in the region of 1.5-3 eV (400-800 nm). However, as the laser radiation power is increased to 80 W, a growth of absorption is observed in the spectral range under investigation.
The increase of transmission coefficients for the quartz/Si, glass/Si, quartz/Si/SiO 2 and SiC/Si/SiO 2 structures that occurs after laser annealing correlates with the data given in [4] where increase of transmission coefficient in thin silicon films resulting from laser annealing was observed too. In [4] that effect was explained by the phase transition from -Si to poly-Si that appeared due to laser annealing. An additional argument that in our case silicon film recrystallization under laser annealing can also occur is shifting of absorption edge in the quartz/Si structure towards shorter wavelengths (Fig. 1) that correlates with the results of [4] .
Additional information on processes of silicon films recrystallization under laser annealing can be obtained from analysis of RS spectra. Figure 3 presents RS spectra of the quartz/Si structures, both initial (Fig. 3,  curve 1 ) and those after action of laser radiation of various power (Fig. 3, curves 2 and 3) [11] . One can see that the RS spectra of the initial specimen have a broad band in the region of 480 cm -1 that is related to -Si [1, 4] . After laser annealing, a band ~520 cm -1 appears in the RS spectrum of the quartz/Si structure. According to [1, 4] , it is related to light scattering from TO phonons in silicon nanocrystallites and is due to the quantum confinement effect that is a sign of phase transition from -Si to nano-Si. As the laser radiation power is increased, the half-width of RS peak in the region of ~520 cm -1 goes down and the peak form becomes more symmetric. This indicates increase of nanocrystallites sizes and decrease of -Si portion in the quartz/Si structure.
Shown in Figs. 4a, and 4b are the RS spectra of the initial silicon films on a glass substrate (Fig. 4, curve 1 ) and those after action of laser radiation of various power (Fig. 4, curves 2-4) . One can see that, contrary to the quartz/Si structures, the RS spectra of initial glass/Si structures have two bands, ~480 and ~520 cm -1 . This indicates that a silicon film on glass has inhomogeneous phase composition and involves both -Si and poly-Si phases [1, 4] . Similarly to the case of the quartz/Si structures, a small decrease of the ~520 cm -1 band halfwidth and a decrease of the ~480 cm -1 band intensity are observed in the glass/Si structures as the laser radiation power grows. This indicates an increase of the silicon portion in the nanocrystalline phase. An analysis of RS spectra of the quartz/Si and glass/Si structures [9] [10] [11] showed that in both cases increase of the laser radiation power leads to intensity increase for the RS line ~520 cm -1 . This indicates growth of the portion of nanocrystalline silicon in the structure as the laser radiation power increases. The nonmonotonic dependence of relative intensity of the RS line ~520 cm -1 on laser radiation power for the quartz/Si and glass/Si structures can be explained within the critical action model proposed in [1, 4] . The latter is based on the assumption that a phase transition from -Si to poly-Si occurs under action of laser radiation.
The above phase transition depends substantially on which part of the laser beam energy is absorbed in the specimen. There are three main regimes of crystal growth, corresponding to partial, almost complete and complete melting, respectively. Due to the effects of surface reflection, only a part of radiation is absorbed and turns into heat at laser irradiation of silicon surface. The temperature of a thin film is growing proportionally to the amount of absorbed energy of laser radiation. The film is melting to the liquid state as the α-Si melting temperature is attained. After irradiation, the melt is cooling and solidifies in a polycrystalline phase. Formation of crystallites and growth of crystalline grains after laser annealing lead to reduction of absorption coefficient in the poly-Si layer [1] . As a result, temperature in the layer decreases, that, in its turn, leads to reduction of both recrystallization rate [4] and silicon layer transmission [1, 4] . The optimal values of laser radiation power at which crystallization of α-Si films occurs lie in a very narrow energy range between the partial melting regime and that of almost complete melting -the so-called critical action [1] . The value of critical action of laser radiation determined from optical transmission spectra for the quartz/Si, glass/Si, quartz/Si/SiO 2 and SiC/Si/SiO 2 structures is ~60 W.
The multilayer glass/Si 3 N 4 /Si/SiO 2 structures are of particular interest for practical application. Fig. 5 presents transmission spectra of the glass/Si 3 N 4 /Si/SiO 2 structures taken before laser annealing (curve 1) -absorption edge is ~3 eV and after laser annealing (curve 2) -absorption edge is ~3.4 eV. One can see that laser annealing leads not only to shifting of absorption edge towards shorter wavelengths but also to appearance of a broad transmission band in the 400-500 nm region.
According to [12] , variation of excess silicon concentration in silicon nitride leads to a change in the bandgap width. By varying Si concentration, one can vary silicon nitride bandgap width over the ~1.6-3.4 eV region [12] . An increase of silicon content in silicon nitride films leads to shifting of absorption edge to the red spectral region. One can see from Fig. 5 that an insignificant decrease of absorption is observed for the treated structure in the 1.6-2.1 eV region, and an additional band appears in the transmission spectrum in the 450-500 nm (2.7-2.4 eV) region.
One of the factors that explain variations in transmission spectrum of the glass/Si 3 N 4 /Si/SiO 2 structure is a decrease of absorption at >2 eV (below 600 nm) because of formation of silicon nanocrystallites in a thin -Si layer in the course of laser annealing. According to [4] , laser annealing can lead to phase transition from -Si to poly-Si. In this case, shifting of the absorption edge of silicon film to high-energy (blue) spectral region is observed. An assumption of silicon layer recrystallization under action of laser radiation is supported by the data of XRD studies. It was shown in [9] that XRD pattern of the glass/Si 3 N 4 /Si/SiO 2 structure treated with laser radiation has peaks corresponding to poly-Si. At the same time, XRD pattern of the initial specimen has no peaks corresponding to crystalline objects.
The transmission coefficient increase in the glass/Si 3 N 4 /Si/SiO 2 structure may be also caused by decrease of silicon film thickness due to the fact that silicon is partially solved in the oxide layer under laser annealing [4] . Besides, silicon concentration in the silicon nitride film may go down under action of laser radiation because of silicon diffusion. According to [10] , this leads to shifting of absorption edge in the SiN x films to the blue spectral region. It was shown in [13] that an additional factor affecting transmission of the glass/Si 3 N 4 /Si/SiO 2 structure is variation of thickness of the silicon oxynitride (SiN x O y ) transition layer and formation of a Si 3 N 4 stoichiometric layer under laser annealing.
Conclusion
It is found experimentally for structures with thin silicon layers on various substrates as well as in quartz/Si/SiO 2 , SiC/Si/SiO 2 and glass/Si 3 N 4 /Si/SiO 2 multilayer structures subjected to laser annealing that their optical transmission increases as laser radiation power grows to 60 W. Further increase of laser radiation power results in reduction of optical transmission coefficients for all the above structures. An analysis of data on RS and optical transmission showed that effect of laser irradiation on structures with thin silicon layers leads to a phase transition (from -Si to nano-Si) in the silicon film. To explain the experimental data obtained, the critical action model can be applied. (That model has been developed for structures with layers of -Si or poly-Si deposited onto a single crystalline Si substrate.) The critical action value for the structures studied is ~60 W.
